Abstract--Mineralogical (XRD), morphological (transmission electron microscopy), chemical (major, rare-earth elements, and scanning-transmission electron microscopy), and isotope (Sr, O, H) measurements were made of marine detrital smectite from shales to study their reactions during early diagenesis. Albian, Aptian, and Palaeogene smectite samples were selected from Deep Sea Drilling Project drill cores taken in the Atlantic Ocean and from outcrops and drill cores from Belgium and northern France. Detrital, fake-like smectite particles seem to have adapted to their depositional environment by isocbemical dissolution and subsequent crystallization of authigenic, lath-like particles. The major-element and rareearth element compositions of both types of particles are similar. The Sr isotope chemistry suggests that the dissolution-crystallization process occurred soon after deposition in an almost closed chemical system. Except for slight changes in the amount of Fe and the oxygen isotope composition, the reaction took place without noticeable chemical exchange with the interstitial or marine environment. Such closedsystem recrystallization of clay minerals may be a common diagenetic process if the water/rock ratio is small, as in shales.
INTRODUCTION
Since the work of Biscaye (1965) and earlier studies, clay minerals in Recent sediments in the Atlantic Ocean have been considered to be mainly of detrital origin (Chamley, 1979; Grousset, 1983) , except for those in volcano-sedimentary sequences (Chamley and Bonnot-Courtois, 1981) and in material near hydrothermal effusive structures (Desprairies et al., 1984) . Strontium (Dasch, 1969) and oxygen Epstein, 1970a, 1970b) isotope data support such interpretation. In older Atlantic sediments, these clay fractions may conCopyright 9 1990, The Clay Minerals Society rain as much as 95% smectite and, because of their assumed pedogenic origin, they have been often used for paleogeographic reconstructions (Chamley and Debrabant, 1982) .
Recent smectite of the Pacific Ocean may be of authigenic origin (Hoffert, 1980) . After deposition, this smectite can interact with its interstitial environment to produce lath-type particles . Alteration and authigenesis were followed by analyses of the svSr/S6Zr ratio of the smectite fractions, which indicated a transfer of radiogenic s7Sr from solid particles to the aqueous environment. Clauer et aL (1984) re-33 ported also evidence for morphological modifications of detrital smectite particles, which was accompanied by a loss of radiogenic s7Sr and 4~ and a change in the chemistry of the particles. These results suggest a tendency towards a chemical equilibrium with the depositional environment.
Because of its potential to equilibrate with the interstitial environment, srnectite was investigated in detail in the present study, building on the previous studies. The techniques employed included morphological observations by optical microscopy and transmission electron microscopy (TEM); mineralogical study by X-ray powder diffraction (XRD); chemical analyses by atomic absorption, neutron activation, electron microprobe, scanning-transmission electron microscopy (STEM); and stable and radiogenic isotopic determinations. The aims of the present study were (1) to describe the alteration of the detrital smectite particles, (2) to provide a quantitative measure of the extent of these modifications, and (3) to determine the environment and timing of these modifications.
SAMPLE DESCRIPTION AND METHODS
Smectite is very abundant in Albian, Aptian, and Palaeogene sedimentary sequences of the northern Atlantic Ocean. During late Cretaceous time, when this ocean was forming, sediments were deposited under reducing conditions and became black shales (Arthur, 1979; Cook, 1982) . During Palaeogene time, enhanced bottom currents produced oxidizing conditions, which favored deposition of silty claystones containing centimeter-thick chert-rich beds. Such sequences are known elsewhere (Leclaire, 1974; Nathan and Hexer, 1977) , and the occurrence of cherty horizons, clinoptilolite, and palygorskite-type clays are thought to be records of the influence of open sea-water.
Ninety-three samples were studied, of which 51 were taken from seven bore-holes (105, 109,386, 387,398, 400, and 402) drilled during five Deep Sea Drilling Project legs (11, 12, 43, 47, and 48) . Forty-two additional samples were collected from outcrops in northern France or from drill cores in Belgium (Figure 1 ). All these samples are from the same stratigraphic horizons and are of marine origin. Precise descriptions and locations are available elsewhere (Holtzapffel, 1983) , as is a description of the sedimentation conditions (Holtzapffel et al., 1985) .
Smear slides and randomly oriented powders were made of all clay-size fractions < 2 t~m after standard separations had been made by sedimentation in distilled water and were analyzed by XRD. For most samples, no prelimimary crushing was necessary. If necessary, carbonates were removed with 0.2 N HC1. Twenty-six samples having the greatest smectite contents were selected from the XRD data (Table 1) . Microscopic observations of the grain sizes, mineral point counts, and Ca and organic-C determinations were also made on the whole rocks (Holtzapffel, 1983) .
From the 26 clay-size fractions <2 ~m, two or three subfractions were separated by ultracentrifugation and studied by XRD and TEM. Depending on the amount of powder available, these subfractions were then analyzed for bulk chemistry, rare-earth element (REE) content, and Sr-, O-, and H-isotope compositions. The chemical composition of some individual flakes and laths were also determined by STEM. Details of the analytical procedures were described by Holtzapffel (1983) .
RESULTS AND DISCUSSION

Mineralogy and morphology
The XRD data indicate that smectite was the dominant mineral phase in all samples, but that it was commonly mixed with other clays (illite, chlorite, kaolinite, mixed-layer illite/smectite, sepiolite and/or palygorskite), calcite, quartz, feldspars, goethite, opal, and/ or clinoptilolite (Table 1) . Measured using Biscaye's (1965) procedure, the crystallinity of the smectite indicated that the smaller particles were better crystallized than the larger particles. The position of the 060 smectite peak on the XRD patterns did not vary with particle size, suggesting that the overall chemical composition of the smectite population was fairly homogeneous. The position of the 060 peak was also systematically indicative of a dioctahedral type.
TEM observation revealed three types of smectite morphologies: (1) flake-like particles having diffuse and irregular borders more or less rolled-up, (2) lath-like, elongate, and euhedral particles oriented to each other at 60 ~ or 120 ~ and (3) an intermediate type of morphology in which flake-like particles were surrounded by lath-like particles (Figure 2 ). The flake-like smectite has been described in other sedimentary sequences from the Atlantic Ocean (Chamley et al., 1983) and was considered to be a detrital variety having originated from continental soils or rocks. The laths and the mixed shapes have been described in only a few studies (Hoffert, 1980; Louail, 1981; Jeans et al., 1982; . The possibility that mixture of flakes and laths could have resulted from an aggregation of laths stuck onto the flakes required special care to be taken in the preparation of the fractions for TEM observations. A vigorous ultrasonic dispersion was applied to those samples to avoid artifacts due to sample preparation. Despite that treatment, mixtures of laths and flakes were common, suggesting that they do indeed represent a transitional stage between the two other types. The flakes and the mixed assemblages were dominant in the coarser subfractions, whereas the laths were systematically enriched in the finer subfractions. The interpretation of compositional data of multicomponent mixtures of variable proportions is difficult. The amount of each type ofsmectite was therefore estimated by mineral point counts in size fractions using TEM micrographs. This technique provides relative amounts of mineral surfaces not volumes, because the particles were settled in water drops for TEM observation. We therefore assumed a similar thickness for all particles. To increase the accuracy of the method, the counts were made by the same investigator systematically on two different particle-size fractions of the same sample. The finer subfractions always contained more laths (Table 2) ; the data being reproducible at + 5% (Holtzapffel and Chamley, 1986 ).
Major and rare-earth element compositions
The chemical data, obtained either by atomic absorption or by electron microprobe analyses of powders, were similar for different subfractions of the same sample (Table 3) . Differences in samples 14BS, 16BS, 18BS, 6EM, 9EM, and 6ET can be attributed to contaminants, such as opal, calcite, goethite, or illite, which increased the contents of Si, Ca, Fe and K, respectively. The chemical data of the fractions containing about the same amount of smectite suggested that (1) the flake-type smectite is an AI-Fe variety, and (2) the laths in the finer fractions were chemically similar to the flakes, because their occurrence did not signifcantly change the chemistry of these fractions.
The REE were analyzed in several size fractions because these elements are thought to be accurate tracers for the origin ofsupergene minerals. The total amounts of the REE were relatively constant (Table 4 ). The Several size-fractions were observed for each sample. Flakes, mixed, and laths stand for flake-like, mixed assemblages, and lath-like morphologies, respectively. distribution patterns were similar to those of the common shales ( Figure 3 ; Haskin et aL, 1968; Piper, 1974) and to those of other samples from DSDP hole 398 (leg 47B; Courtois and Chamley, 1978) . The patterns of the Albian-and Aptian-age samples were, for example, similar to Valanginian clay fractions of DSDP hole 105 for content and distribution (Chamley and Bonnot-Courtois, 1981) . The strong negative Ce anomaly, which is typical of seawater-derived material (Goldberg et al., 1963; Hogdhal et al., 1968) , was not detected even in the finest fractions enriched in laths. In sample 4ET a slight Ce anomaly was noted, probably due to the presence ofclinoptilolite, which usually resuits from an alteration of volcanic material by seawater ( Figure 3 ). The absence ofa Ce anomaly contrasts sharply with the patterns of minerals newly formed in marine environments, which also contain more REE (Spirn, 1965; Bernat, 1973; Piper, 1974; Courtois and Hoffert, 1977) . The present results suggest that the laths derived from preexisting detrital flakes by an isochemical dissolution-crystallization mechanism, without external input. The crystallization process of the laths here was different from that of the laths from southern Pacific deep-sea red clays, which have pronounced negative Ce anomalies, suggesting an influence of seawater (Bonnot-Courtois, 1981) .
Chemical determinations were obtained by STEM by secondary X-ray spectrometry using a 20-30-~ beam. This procedure allowed measurements to be made on individual laths and flakes. The flakes ranged slightly in chemical composition, but the scatter was not size-dependent (Steinberg et al., 1984 (Steinberg et al., , 1987 . The laths, on the other hand, had higher Si/Fe ratios and gave more uniform data, suggesting an homogenization process during dissolution-crystallization. This slight change in the chemical composition suggests that the crystallization of laths on detrital beidellite and illite did not occur in a completely closed system. The results are compatible with a migration of elements, such as Fe, over very short distances.
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Strontium isotope compositions
The Rb-Sr isotope method was applied to size fractions of 12 clay samples using procedures similar to those outlined by Clauer (1976) . Each size fraction was leached with 1 N HCI for 15 min at room temperature prior to isotope measurement. This treatment removed the Sr which had not already been removed by distilled water and which might have been present in easily exchangeable interlayer sites, on grain surfaces, or in soluble authigenic minerals, and left the Sr which was trapped in the mineral structures during crystallization or later alteration (Clauer, 1982; Clauer et al., 1984) .
Three Rb-Sr determinations were made, if possible, for each size fraction: one on the untreated sample, one on the leachate, and one on the residue (Tables 5 and  6 ). The data points for each size fraction plotted along lines with different slopes on isochron diagrams ( Figure  4 ). These lines were considered mixing lines and not isochrons, because the subfractions contained mixtures of minerals of different sources having different initial sTSr/SeSr ratios.
Leaching experiments have been used for a long time in attempts to date sedimentary rocks and minerals by isotope methods, especially for removing the Sr-rich carbonate fractions (Bofinger et al., 1968) . General agreement has, however, never been reached on the type of reagent to be used to avoid preferential extraction of radiogenic s7Sr from the clay structure. We used 1 N HCI, because Kralik (1984) recently demonstrated that leaching a sedimentary illite with 1 N HC1 did not affect the radiogenic 875r more than a treatment with a cation-exchange resin or than a leaching with 5% NH4-EDTA, and because Clauer et aL (1986) obtained similar results by leaching a diagenetic illite with 1 N HC1. Many published data are unnecessarily scattered, suggesting experimental artifacts during the procedure leading to erroneous interpretations (Dasch, 1969; Morton and Long, 1980 Not considering the decay of 87Rb to 87Sr in the water, this ratio might be higher than the seawater value, if detrital material alters to a new mineral phase in a closed system. In this case, the detrital components will supply an "excess" of 8vSr to the waters. If material of volcanic origin alters into a new mineral phase, the 87Sr/86Sr ratio of the aqueous environment may decrease, if the system remains closed. Consequently, the more authigenic material in a closed system, the greater should be the difference between the sTSr/s6Sr ratio of the interstitial waters and that of the seawater.
Most of the Sr isotope data referred to here support the hypothesis of a dissolution-crystallization process in a closed system in which the 87Sr/a6Sr ratios of the leachates were greater than that of the corresponding seawater (Tables 5 and 6 ' U = untreated size-fraction, L = leachate, R = residue, L + R = calculated sum of leachate + residue. Initial 875r/86Sr ratios with errors in 10 5 at 2or level.
1986). The contribution of 87Sr from the decay of 87Rb must be deduced from measured sTSr/86Sr ratios for a more precise evaluation of the interstitial 87Sr/86Sr, and this can be done by direct use of the intercepts of the mixing lines of the untreated subfractions, leachates, and residues (Figure 4 ). These lines represent mixtures of Rb and Sr trapped in the mineral structures and Rb and Sr removed from the clay particles by gentle leaching. Inasmuch as more Rb was removed by leaching than is present in interstitial waters, a correction for this excess was made by assuming that the value of the intercepts was the 87Sr/a6Sr of the exchangeable Sr. This ratio increased as the amount of authigenic laths increased in the subfractions, i.e., as the size of the subfracfions decreased (Figure 4 ). Sample 8 ET was analyzed to test a contrario this hypothesis because it contained no laths (Table 5 and Direct isotopic dating of the dissolution-crystallization process was not possible because all day-size fractions were mixtures ofdetrital and authigenic partides. Clay minerals formed in continental soil profiles have widely scattered 87Sr/S~Sr ratios (Clauer, 1979) and consequently a range of high Rb-Sr apparent ages. Furthermore, they interact with migrating waters in the soils (Thellier and Clauer, 1989) and thereby trap Sr. This reduces the Rb/Sr ratios and increases even more the Rb-Sr apparent ages. Rb-Sr apparent ages of any size fraction containing detrital clay particles are, therefore, meaningless in a rational time sense, because they integrate values of material of different origins with different Rb-Sr systematlcs. These apparent ages can, however, be related to the amounts of laths present in the size fractions by mass-balance calculations. Plotted against the lath contents of the different size fractions of the same sample, they allow extrapolations to pure authigenic end-members consisting of 100% laths, which should roughly approximate the formation time of these laths ( Figure 5 ). The data systematically gave values of about 100 Ma and 60 Ma for the Cretaceous and the Palaeocene samples, respectively, which are close to the stratigraphic ages of the sequences. Consequently, the smectite was probably altered soon after deposition.
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2 Initial 87Sr/86Sr ratios with errors in 10 -5 at 2a level. U, L, and R stand for untreated, leachate, and residue, respectively. Sample 4T contains clinoptilolite in addition to the different morphological types of smectite. This obviously authigenic zeolite apparently formed in the presence of a larger amount of sea water than the smecrite, as evidenced by the slight negative Ce anomaly (Figure 3 ). These two minerals do not appear to have paragenetic relation because the crystallization of the clay mineral in a closed system did surely not take place at the same time as the precipitation of the zeolite in a more open system. The overall isotopic data of the mixture are, however, similar to those of the other samples, but the dating technique failed because of an obvious underestimation of the amount of the authigenic material, due to the fact that the clinoptilolite particles were not counted (Table 2) .
Stable isotope compositions
Hydrogen and oxygen isotope compositions and H20 + contents were determined on two or three sizefractions of seven clay samples. The data are presented in Table 7 in the usual 6-notation relative to the SMOW standard. The 6180 value of the NBS-28 quartz standard is 9.6~ and the 6D value of the NBS-30 biotite standard is -64.5%~ in the Menlo Park laboratory. The ~D values of authigenic clay minerals of marine sediments are typically about -80 to -60ff~ (Savin and Epstein, 1970b) and may depend on the chemical composition of the mineral High Fe contents, for example, commonly correlate with low ~D values (Suzuoki and Epstein, 1976) , but this was not observed in the present samples. In fact, the sample containing the most Fe (18 BS) had the highest ~D value. More importantly, such ~D values (as well as water contents of 4-5%) are similar to those of many detrital clays and, as such, are not useful in distinguishing authigenic from detrital clays. The amount of hydrogen in clays, however, is relatively small, and, thus, detrital clays having unusually large or small 6D values may be sensitive indicators of external additions or of exchange with external fluids during diagenesis.
Sample suites 1 ET, 12 ET, and 3 BS are noteworthy as they had particularly low and similar ~D values of about -107~. The former two suites represent the youngest samples analyzed. Collected on land, they could have undergone minor hydrogen isotope exchange with isotopically light ground waters, but based on stable isotope data, such an exchange process after diagenesis is highly unlikely (e.g., O'Neil, 1987) . Sample 3BS, which has similar 6D values, was collected from the sea and is one of the older samples (Upper Albian) examined. Thus, the low 6D values appear to reflect the conditions in which the detrital clays were formed. The retention of these unusually low ~D values during growth ofauthigenic laths strongly suggests that the pore waters were not in rapid communication with the open sea during diagenesis of these sediments.
In contrast to the hydrogen isotope compositions, oxygen isotope analyses are useful in distinguishing authigenic from detrital clay components. From analyses of detrital sediments from deep-sea cores, Savin and Epstein (1970b) estimated that the average ~80 value of detrital smectites in ocean sediments is 17 _+ 2~ From determination of the oxygen isotope composition of <0.1-#m-size smectite from bottom sediments and coexisting interstitial waters, Yeh and Eslinger (1986) smectite formed on land and in waters with a higher content of ~80. Accordingly it has markedly higher ~ 18 0 values of about 26-31700 (Savin and Epstein, 1970a; Yeh and Savin, 1976) . Oxygen isotope compositions, thus, can clearly discriminate between detrital and authigenic smectite found in ocean sediments. This is particularly important if no chemical or mineralogical differences can be utilized in making this distinction. The most obvious aspect of the oxygen isotope data presented here is that almost all of the fine subfractions, which contained most of the newly crystallized minerals, had ~180 values closer to those of normal detrital minerals than to those of authigenic clays. Sample 17 EM, which had a relatively high 6180 value of 23.6700 for the smallest subtraction, had a detrital component that was already high at 23.0 permil in the coarsest subfraction. In every sample the 61sO values increased from the coarse to the fine subfraction, except for sample 6 EM, in which it remained the same, and sample 18 BS in which the highest value was measured for the intermediate subfraction. The maximum increases measured for 6~sO were at 1.4, 1.5, and 1.6700, whereas the minimum increases were at 0.6 and 0.77**. The question remains, what amount of increase in 180 content should have occurred if the newly formed minerals, whose amount was estimated from the TEM photographs, grew in the presence of sea water? If ~'80 values of 18 and 28700 are assumed for a typical detrital and authigenic smectite, respectively, a 50-50 mixture of these components should have a ~80 value of 23700. This value corresponds to an increase of 5700 from a mainly detrital coarse subfraction to the finest subfraction, an increase much larger than observed for similar amounts of authigenic minerals in the samples examined here. Thus, if the detrital components were clearly richer in ~sO, either because they formed under the appropriate conditions during weathering on land or because the coarser fraction analyzed contained neoformed material, the expected increase in ~180 should have been lower.
The lack of a significant increase in ~180 for some fine subfractions containing > 50% authigenic smectite is striking. The oxygen isotope compositions of the coarse and fine subfractions of samples 6 EM and 18 BS were identical, which again supports the conclusion that the diagenesis of these sediments took place under conditions of very low water/rock ratio, without significant input of external fluids. Yeh and Savin (1977) and Eslinger and Savin (1973) suggested that similar conditions prevailed during burial diagenesis and metamorphism in the Gulf Coast and Belt Series sediments. Thus, authigenic sedimentary clays should have high 6180 values only if they form under conditions of high water/rock ratio, as in halmyrolysis reactions or direct precipitation in open sea conditions. In shales, on the other hand, detrital smectites probably recrystallize in limited amounts of pore water; this behavior might therefore be a general rule during shale diagenesis and low-grade metamorphism.
SUMMARY AND CONCLUSIONS
Detrital smectite from marine sediments, mainly shales, from the northern Atlantic, Belgium, and northern France underwent alteration that was detected by morphological observations (TEM), chemical analyses (major and rare-earth elements), and isotopic determinations (Sr, O, H). The chemical and isotopic compositions of detrital flake-like smectite particles and authigenic lath-like smectite particles were almost identical, probably because of a dissolution-crystallization process in a relatively closed environment. This environment had, however, to be permeable enough to allow short-distance mobility of cations, such as Fe, in the interstitial fluids.
The dissolutionacrystallization process probably occurred soon after deposition. Further compaction does not appear to have had a noticeable effect on the clay particles, inasmuch as those collected from outcrops on land had the same characteristics as those recovered from the ocean. Inasmuch as the sediments examined were mainly shales of diverse age and type, the relatively closed-system recrystallization described here may be a common process operative during early and late diagenesis of shales.
